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1. Introduction 
The Level lb  Algorithm Theoretical Basis Document (ATBD) describes the theomtid 
basea of the algorithms used to convert  the raw detector  output (data numbers) fiom the 
Atmospheric Infrared Sounder (AIRS), the Advanced Microwave S o d i  Unit (MU) 
and Humidity Sounder Brazil (HSB) to physical rradiarpce. d s  arrd, in c ~ s e -  of AIRS, 
perform m-orbit spectd caiibraticms. "he c b u i p t h  of tbe dgarihns whrici3 CoIIYept the 
level 1 b measurements to geophysical units is covered in the Level 2 ATBD. 

The Level lb ATBD fbr AIRS is divided into three parts: 

0 AMSU/HSR Microwave  channels. 

This document is the ATBD for the level Ib processing of the AIRS iafnrred spectrometer, 
Level l b  algorithms perform the fobwing functions: 

1. conversion of scene measurements firom engineering units to physical 

2. estimation of detector noise, 

3. estimation of the  radiometric  calibration accuracy 

4. determination of the  absolute spectrai calibration and monitor spectd eqddx&m 
ability. 

Two reports related to the  level 1 b ATBD will issued in the year 2000: 

1) The AIRS Spectrometer  Calibration Report, which will include alldata which define the AIRS 
hstrument  characteristics  related  to  calibration. This report will inch& tht tables of 
coeflicients required by the  level 1 b software. 

2) The AIRS  Ln-orbit Caliition Plan, which will define test sequences  to be executed inorbit to 
optimize instnunent perfbrmance. 

'RE most up-todate  description of the AIRS instrument development is given in Ref 1. The 
AIRS Functional Requirements Document (FRD) is m Ref 2. The AIRS Calibration Plan 
(ReE3), dated 14 November  1997, contains a description of the relevzxut parts of the ALRS 
it-+, c-n devices and dibratbn procedures br pre-W 
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of parameters needed by the  level lb algorithms. The AIRS Validation Plan (Ref. 4,) 
h i s  post-launch validation of level lb  data using floating buoys, radio sondes, 
satellite- and aircraft-borne instruntents  The AIRS home page  at JPL and the Earth 
Observing System @OS) p&ject office at GSFC, http://www-airs.jpLnasa.gov aad 
http://eospso.gsik.nasagov, respectiveb, post latest versian of these p h  

Version 2.10 of the level lb ATBD includes a number of changes &om Version  1.0 

1) the AIRS instnunent description, other than the description of d ~ k a t i o n  devices related 
to the level l b  algorithm, bas been moved to t h  AIRS Calibration Plaq the infiared and 
the visible/near IR level lb ATBD's are now separate documents; 

3) preliminary results of testing  the AIRS Flight Unit (as of 15  October 1999) are included 
for the purpose of vedjing the basis of the algorithms. 

15 December 1999 
. . . . ..- "-. -._. 
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1.1 Historical Perspective 

The Atmospheric Inftared  Sounder is a high spectral  resolution IR spectrometer. AIRS, together 
with the Advanced  Microwave Sounding Unit  (AMSU)  and  the  Microwave  Humidity Sounder 
supplied by Brazil  (HSB), is designed to meet the operational weather prediction requirements af 
the National Oceanic and Atmospheric Administratian (NOM) and the &bat c k q e  reseanh 
objectives of the National  Aeronautics and Space  Administration  (NASA). The AIRS flight 
model calibration  started in November 1998 and was  completed in November 1999. Integration 
onto the Aqua (formerly the EOS-PM1)  spacecraft is scheduled ta start in January 2000. TIM? 
launch date for Aqua is 21 December 2000. 

The High-resolution I n M e d  Sounder (HIRS) and the  Microwave Sounding Unit (MSU) on the 
National Oceanic and Atmospheric  Administration (NOAA) polar orbiting satellite  system have 
supported the National Weather Service (NWS) weather forecasting &brt with glabl 
temperatureandmoisture~lmrtinpssincettae~e~97O’s.After~~~ofthefirst 
ten years of fIIRS/MSW data on weather forecast accuracy, the  World  Meteorological 
Organization m 1987 (Re€ 5) determined  that global temperature and moisture soundings with 
radiosonde accuracy are required to significantly improve w e a k  forecasts. Radiosonde accuracy 
i s e q u i v a l e n t t o p r o f f l e s w i t h 1 K r m s a c c u r a c y i n l k m t h i c k ~ a n c t ~ ~ ~ ~ ~  
20% accuracy in the  troposphere.  Advances in IR detector array and cryogenic cooler technology 
made this requirement realbable. AIRS is the  product of this  new  technology. AIRS, working 
together with AMSU and HSB, fbrms a complementary sotmding system for NASA’s Earth 
Observin@; System to be launched in the year 2000. 

The Interagency  Temperature  Sounder (ITS) Team, with  representatives fkom NASA, NOAA, 
the University of Wisconsin and the  Departmant of Defense (DOD) was  formed in 1987 to 
convert the NOAA requirement  for  radiosonde accunscy retrievals to memurerneM requiTements 
for an operational sounder. Instrument hctional requirements  established by this team in the 
areas of spectral coverage and resolution,  cal1’bration (radiometric and  spectral),  stability,  spatial 
response (inchlninp alignment, uniformity, and  measurement simultaneity), and sensitivity, 
becamethebasisofthe A I R s F u n c t i o n a l R e q u i r e m e n t s ~ ~ ~ ~ ) -  

10 ver 2.10 
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2. Inbred Spectrometer Description 

2.1. Instrament Overview 

The AIRS instrument and k devices and procedure used fix the pre-launch cdi-n 8te 

descr i i  m the AIRS Calibtion Plan, (ReE3). In the Mowing we desctibe those AIRS 
spectrometer design aspects which relate  directly  to  the  in-flight  radiometric and spectral 
cah'braion  activities and/or  pre-launch calibration  activities in support of the calibration  software. 

Tlae AIRS includes an infked spectrometer and 8 visible li&/--idbd 
photometer. (The ~i~ibk/~~ear-IR photometer is M in Part 2 O f  tbe AIRS k d  Ib ATBD), 
The AIRS infrared spectrometer employs two multi-aperture slit and is pupil-imaging, with 
spectral coverage &om 3.74  to 4.61 lun, Erom 6.20 to 8.22 pm, and tiom 8.8 to  15.4 pm. The 
nominal spectrai resolution hlM = 1200. % spectrum is sampled twice per speetml remhrtion 
element fbr a total of 2378 spectral samples. A ditEadon gmtiug disperses the nulidcm onfr, 17 
linear arrays of HgCdTe  detectors in ,grating  orders 3 through 1 1. 

Spatial  covepage and caliition targets are provided by the scan head assembly, containing the 
scanmim>randcaliitors. ThescanmirrotmotorhastwoI(lplaadregimes:Drningtbefirst2 
seconds it rotates at 49.5 degrdsecond, generating a scan line with 90 ground  footprints, each 
with a 1.1 degree diameter FOV. During the  remaining 0.667 seconds the scan mirror fmishes the 
remaining 261 degrees of a fdl revolution. Routine Calibration reked data we tdcm during ttzis 
time. These consist of four independent views of Cold Space View (CSQ one view inter the 
Onboard Blackbody  Calibrator  (OBC), one view into the Onboard Spectral Reference Source 
(OBS), and one view into a photometric  calibrator  for the VISMIR photometer. 

The IR spectrometer is cooled by a two stage radiative cooler. The temperature of the 
spectrometer is fine-controlled  by a temperam servo in combination with a 2.8 watt hat-&. 
The heater can raise the spectromter temperature by about 7 degrees.  The  operating 
temperatures of the  spectrometer is expected  to be controlled  at the start of the mission at 149K, 
155K der about three years and 161K after about six years. Full radiometric and spectra) 

monitored  with 6 fidly redundant  temperature sensors. 
cal i i ions will be carried out at all three set points. The t-ure of tbe spectrameter is 

Stringent requirements on the stabi i  of AIRS spectral c d i t i o n  are achieved htxgh the 
combination of three eflkcts:  The  temperature control anatag servo hob the spectroI.netcn 
temperature  constant  at the set point  to within 0.03K.  The spectrometer was designed  to be 
essentiauy a-thermal, Le. the spectrometer  optical bench, optical  components and grating were 
m a ~ b d  h m  a singk billet of sp&Ily ~ & d  Aluminum, &spmmtcLwwayM 

12 Ver 2.10 
~ ..." 

December 15, 1999 
"-=","." ..,. _.,..._.a-. . 



., . . AIRS Level l b  ATBD Part 1: IR Spectrometer Channels - ”. . -~  .“__I -. ”j.”-zL 

to  have a thermal time constant of 20 hours. The high degree of stability of the AIRS 
spectroeer and its time constant  have been verified during testing in the AIRS Test and 
Calibration Facility (ATCF). 

The scan mirror rotates through 360 degree every 2.667 secoads. This produces data for one 
scan line with 90 footprints on the ground and 6 caliition related footprints, The scan minor is 

. cooled by radiative  coupling  to the cold IR spectrometer. Its temperature is monitored by a non- 
contacting sensor located  at the base of the rotating shaft, about 6” fiom the scan mirror surfice. 
The temperature gradient between the scanmirror +e and the temperature sensor is 
predictedtobelessthan0.5Kand t ~ g r a d i e r r t a c r o s s ~ s c m m h r o r ~ i s ~ ~  
0.OSK. Based on pre- flight sensor test results in the thermal vacuum chamber, the scan 
mirror temperature is approximately IOOK warmer than the spectromter  tempemtwe. The scan 
mirror is coated with silver, overcoated with a protective layer of SO, by Denton wing a 
proprietary process. The scan mirror temperahue, mirror angle (relathe to Irsdir), edskity, 
emissivity non-uniformity and polari;Eettion  are part of the  radiometric  calibration algorithm. 

The IR focal plane is cooled  to 58 K by a Stirling/puIse-tube cryo-cook and servo controlled at 
that t w u r e  to within 0.01K. The stirling/pulse-tube cryo-Gooh are drivarby Sqmmte 
electronics. The phase and amplitude of the compressor moving elements are designed to 
minimize vibration and to accurately  control the temperatine. 

Signals h m  the detectors pass through onboard signal and data processing electmks, which 
perfbnn signal mplifidin, dat ion circumventian, o f k t  snbtractiaa, signal integratioo, a d  
output fomatting and buffering to the high rate  science data bus. In addition,  the AIRS 
instnrmpnt contains c o d  and control electronics whose h t i o n s  include communications 
with the satellite platfbrm, instrument redundancy reconfiguration, the generation-of tirning and 
control signals necessary fbr in strum^ operation, and coIBeGtian of en&axkg antt 
housekeeping data. Heat from the electronics is removed through coldplates  connected  to the 
spacecraft’s heat rejection system. 

2.2. Calibration Devices. 

Routine calibration  related data are taken while the scan mirror  rotates fiom -49.5 degrees 
(relative  to nadir) through 180 degrees  (anti-nadir  position)  to  +49.5  degrees. These data  consist 
of four indepemient views of cold space (CSV), one view into the Onboard Radiometric 
Calibrator ( O X )  source, one view into a Onboard Spectral  rehrence source (OBS), arrd one 
view into a photometric  calibrator for the VIS/NIR photometer.  The A I R S  spectrometer is pupil 
imaging, i.e.  detectors are located  at a pupil  stop of the spectrometer  optics (as opposed to the 
detectors being at a &Id stop, Le. imaging thc s c ~  on the detectors)- This insures ttrst spatid 

15 December 1 9 9 9  
. .. . _... ~ 

vex 2 1  13 



AIRS Level 1B ATBD Part 1: IR Spectrometer Channels 
, I-. ~ . - .  , ~ .- I . x i  . . .-.- 

mu-uniformity in the radiance  emitted  by the calibration  source and/or the scene does wt 
c0ntrkt.e to the radiomtric calibrarioa  error. 

Onboard Radiometric Calibrator (OBC): The OBC is a  deep  wedge  cavity  blackbody  with  a 
rectangular 5.7 cm by 9.5 cm clear aperture. The depth of the blackbody cavity is twice the 
diagd of the clear aperture. The blackbody housing and cavity are rnade from beqdhm to 
reduce its mass to  2 kg. The surfhe of the OBC wedge  cavity is coated with pa& with 
emissivity higher than 0.91. This allows multiple bounces of the  light within the cavity. The OBC 
effective emissivity starts at 0.999 and degrades  at  end-of-life  to no less than 0.993. 

Four  temperature sensors, Tl..T4, monitor the temperature  at key positions in the cavity sLtrfsce 
to an accuracy of 0.1 K. TI and T2 are bcated on the sloping part of the w e ,  T3 is krcated on 
the vertical part of the  wedge, and T4 is located  at the outside  aperture of the OBC. The OBC is 
analog servo controlled at 308.0  +/- 0.OlK. The efkctive temperature of the OBC is calibrated 
using a NIST traceable  external  blackbody and related to a linear combination of TI ..T4. This is 
discussed m Appendix 3. 

The four temperature sensors in the OBC are l l l y  redundant. Ifa temperature Sensor is found to 

be outside the nominal limits, a flag is raised, indicating that the  calibration  accuracy may be 

compromised.  switch-over to the redundant sensor reqtrires vefificatioll of the aondititpll by &e 

datamonitoring teamonthe  groundand uploading corrective action. Sitlce the QBC tempadme 

has been extremely  stabIe during the entire ATCF testing,  the  level lb algorithm  continues with 

the data processing using the nominal OBC temperature. 

December 15,  1999 
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Onboard Spectral reference source (OBS): A minor coated with a thin film (about 1 0 0  
microns thick) of Parylene is used as the On-Board spectral rehence so- (OBS) fbr routhe 
testing of spectrometer fitnctionality pre-launch. Figure 2.2 shows the spectrum fiom two tests 
separated by 24 hours. The locations of usable spectral features are listed in Table 2.1. Although 
the spectral features are Wly broad, results from the thermal ~ t c u u m  testing indicate that the 
OBS dows’meammmnts of dative shifts with rep&Mty of the arctg of 1% af tk 
width of the spectral response fimction.  The use of the spectral features of the OBS for in-orbit 
QA is under  evaluation, 

- 1  I 

Figure 2.2. OaS spectra obtained  during ATCF testing at the start and the end of the 24 haw 
orbital  heat load simulation  test. 

. I- I ~ __ ”” ___ 
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Spectral Feature Location 

1032 cm" 

1607 cm" 

Array location Array location Spectral Feature Location 

M11 M4d 1233 an'' 

M7 M4c 1327 an" 

M6 M3 1340 an" 

M4a M3 1402 cm" 

1 I 1417cm" 

Table 2.1. OBS Spectral  Feature  locations. 

16 ver 2.10- ' December 15, 1999 
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3. Radiometric Catibmt&m 

The required absolute radiometric calibration accuracy of each AIRS spectral channel, as stated 
in the AIRS Functional Requirements document (Rd2.) , is the larger of 3% ofthe mdiance or 
4*NEN, over the fun dynamic range of AIRS, where NEN is the Noise Radiance. 
S i o c e ~ t e m p e r a t u r e c o n r e c t i a n s o r ~ a r e m o r e d r a c f i a a c e ~ o r  
uncertainty %r a temperature sounder, most of the discussion of radiance uncertainty is expressed 
as temperature  uncertainty. A tabk in Appendix 5 lists the  temperature  change which 
correspondstoa l%changeinmdianceasfimctfonofscenetenplerature. 

The AIRS kvei lb  d g o h  u9cs a basic radiometer caliition equation with additive correction 
terms, The AIM spectromter has 2378 spectral channels grouped in seventeen arrays. Each 
calibration operation is repeated fbr all 2378 spectral channels, somewbat loosely aJS0 rekredto 
as 2378 detectors. Some minor difkences between di.fferent detector arrays are adled out wben 
appropriate. 

18 Ver 2.10 
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3.1. Radiometer CoPbration Equation 

Define for each fiequency nu 

N = radiance in physical units. For consistency  with HIM/;! instruments  on the NOAA KLM 
series we have adopted units of mW/m2  cm" ST for the AIRS level Ib spectral radiaoces, 

DN.footprint = raw data number from a specific fbotprint after correcting  for  the ADC nom 
linearity using table  lookup.  There is only om redundant ADC for all detectors. 

W.scene -DN.scene - DN.space 

The first coefficient a.1 is commonly  referred to as the "gain", G, for a linear radiorneter.  The 
coefkients are determined during the pre-launch calibration.  Details and prelimmary  results are 
givenmAppendix3. 

The radiance  &om the scene is conceptually given by 

N.SCW = a.1 * w.scene + a.2 * w.scene2 + a.3 * w.scene3 + a.4 * w.scene4 %.3.-1 

assuming that  terms h@er than 4-th  order can be neglected. 

The gain is determined orbit using the OBC. DN,space, the space views, are measured every 

scan line, but are smoothed over many scan lines to minimize noise. Some additive correctbn 

terms are required. This is discussed in the following. 

3.1.1 h-orbit gain determination: In orbit we assurne that the gain msy be subject to some 
change from the  pre-launch  calibration, but  that the higher order coeflkients are rmchtrnpert. 
There are several  reasons for an apparent change in the gain T.obc.measued in orbit m y  be 
different  than what was measured pre-launch,  the  system  transmission  may  degrade  due to 
contamination andor the  electronics gain may change due to  component aging. Ttae gain is 
calculated  for  every scan line using the known radiance output of the OBC 

N,obc(nu) = e.obc(nu) * Planck(T.obc.measure + DT.obc, nu) 

e.obc(nu) and DT.obc(nu) are determined  pre-launch. 

The gain is reevaluate using 

15 December 1 9 9 9  vel 2.1 
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G = (N.obc - (a.2 * W.obc' + a.3 * W.0bc.j + a.4 * W . o b ~ . ~  ..... ))/W.obc Eq. 3-2 

The electronics in mays M11 and M12 makes  N.space > N.scene  for  any  scene or caliiration 
source  temperature. This makes WO. For all other arrays G7O. 

The gain which is calculated using  Eq.3-2 once per scan line is the instantaneous value of the 
+ gain. Eq. 3.1. uses the mean gain smoothed by averaging 100 (TBD) scan-& cabihrations, 

3.1.2. Space-View-Processing 

The signal measured by AIRS viewing a ground target is the combination of the target radiance, 

the thermal emission from the AIRS instnmrent and electronics ofkt. The data mnnber 

associated with a thed emission and electronics o f k t  is determined by means of the space 

views, DNspace. AIRS takes four space view measurements each scan line: S1, S2, S3 and S4. 

The space  views occur while  the AIRS boresight vector is betwee0 68.6 and 112.2 degrees firom 

nadir. The Earth horizon is at 61 degrees from nadh. These space view W are 

followed by a view of the blackbody. The cycle  repeats every 2.67 seconds. 

The four space  views  may be slight difkrent due to the proximity of the Earth b r k n  for SI, and 

the underside of the spacecraft fbr S4. The lowest d u e  d be selected in orbit as "&e space 

view" to be used in the  calibration  algorithm. The current soflware uses #2 as "the  space  view". 

The  level lb  software accumulates  the following statistics on a routine basii: 1) the mean and 

standard  deviation of the difference  between S2 and S1, S2 and S3, and $2 and S4, and 2) the 

mean and standard  deviation of change in each of the hur space views during one scan kine, D S T ,  

DS2,  DS3 and DM, AVERAGE(DS2),  STDEV(DSZ),  etc. This information is used to predict 

the value of the space view fiom one scan line to the next scan line (to guard against outliers) aud 

to switch fiom one  space view to another  without  impacting the calibration, $''the space view" 

should be contaminated , i.e. due the  occasional  presence of the moon. 

In order to decrease the effect noise in individual  space  views,  space  view  #2 data fiom a 

sliding  window of about 100 (TBD) scan lines (about 5 minutes)  are fitted as a hc t ion  of time to 

a low order  polynomial. The time-smoothed space views (#2) are used to cgtcuLrte eiktive 

20 
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space  views S2s and S2e at the start and end of each scan line, respectively. Linear hterpdahn 

between S2s and S2e is used to  evaluate DN.space at the time ofthe observation 

Occasionally (no more often than  once  per month) the Moon is located  close  to  or in the AIRS 

field-of-view during the cold-space-view S2. The signal tiom the moon can be as large as 30% of 

full-scale. Tlie exact algorithm fbr deciding ifspace view contamination has occmred has not been 

decided.  Conceptually, if the Moon is within 3 degrees (TBD) of the space-view bore* based 

on ephemeris position and spacecraft orientation, then  S2 is replaced by S3 - average(S3 - S2), 

assuming that S3 is the second  lowest space view. 

The analog output of each detector is periodically clamped by the electzol-rics to voltage V,, at the 

end of the dwell period associated  with viewing space view #2, but befbre space view #3. Thio 

event, referred to as the DCR ("DC Restore"), results in a discontinuity in S2. The  discontinuity 

is due to changes in the detector  background and electronics ofkt  since the last DCR The time 

of the DCR, which occurs every 1000 scan lines (TBD, a ground programmable period) is 

i~in~downlinkdatarecord.Thf:levelIbsoftwarehandlesthestepproduEectbytbe 

DCR by fitting 52 from the l& and the  right of the DCR time. V, is set pre-launch to about 1Ph 

(TBD) of the dynamic range by a resistor, based on  experience acquired during the calibration and 

characterhiin phase, as a zero o m  of the anaIog-to-digital  converter (ADC), 

15 December 1 9 9 9  
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3.13. Scan An& Dependent Radiometric Comection (due to PohFintion) 

The AIRS scanmirror adds a small amount ofpolarization  to the scene radiance. This e%ct 

coupled with the polarization of the AIRS spectrometer  produces a small radiometric o m  that is 

~ scanangledependent. ThetruescenemdiancewiHtt3eubethesumoftheWedmdhceusing 

thenorrnaicaliiionquation3-1 plusacorrectiontermthatisscan~dependent 

N- = Nscene + dlvpo 

I n t h e f o l l o w i n g w e ~ t h e ~ r i t h m r i c ~ ~ o f ~ c o r r e c t i i o n t e n n ~  show,basedontbe 

PFM test data, that the correction term decreases the polarization imbed residual (ie. mor) to 

less than 0.1K. 

3.1.3.1 Modeled Scan Annle Deuepdent . J M i g p & &  CQ- 

The radiometric correction term, dNp is 

S=thescanmirrorangle(derivedf+omtelemetry) 
a = major polarization axis angle of the spectrometer (d pre-tligb) relative ta nadir 
p ,  = polarization of the scan mirror (measured pre-flight) 
p, = polarization of the spectrometer (measured pre-flight) 
N, = radiance of a unit emis s i i  backbody at the temperature of the scan mirror (fiomlekrmtq) 

NE = the radhnce of a emissivity blackbody at the temperature of the OBC (fkomtdzm&ry) 

N = the rrufiaace of the scene (caicultrted neglecting polarization effwts). 

The radiometric correction  therefore needs to be calculated and applied for every footprint of 

every channel of every scan. Eq.3-3 was validated during prelaunch calibration Details are given 

in Appendix 4. The fit to the observed data is excellent. As Shawn in Figure 3.1. the correction 

terms are typically less thau 0 . X .  Based on the good correlation between measurements and 

model the  expected  residual  errors of less than 0.1 K. 
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-0.5- 4.5- -0.5- 
do 0 5 0 - 5 0  0 5 0 5 0  0 50 

wauelengm: 14.1235 WamhgIh:  15.1017 
0.5 I 1 

Figure 3.1. Scan angle &p&nt radiometric oflset vs scan angle for the longest wmltmgth 

center m o d e  reference  dktecturs. The small nragmhrde of the c m d m  tenn d the a z e € € e n t  

correlation between measurements  and  model  suggest low residual errors. 
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3.2. Radiometric Calibration Error Estimation 

Radiometric  terms which are not explicitly  accounted fbt m the radiometric cdhation eqatdioJs 

or which are due  to  uncertainties in the parameters used m the equation are error  terms. 

Uncertainties m the IeveElB  products  (offsets, gains, and radiances)  are  characterized as quasi- 

static error or  time  depemkmt error. 

Quasi-static errors are assigned based on pre-launch  caIiiration  experience.  They  are a fixstion 

of wavelength and signal  amplitude. 

Timedependent  and s igd strength dependent errors are quantifTied based on two primary 

indicators. The iirst ofthese is the quality of the fits that are done to ofbet and gain. These 

indicators are in the form of rrns deviations of data h m  a low order polynomial iit to a time 

series of measurements. The second quality indicator is the availability of calibration data. I f  good 

spaceview data are  not usable over  the  desired moothing interval (as will be the case due to the 

periodic  presence of the Moon m the space view) the accmacy of the cafibrationwiu fK degrdd- 

1) NIST transfer of the  absolute  calibration to the LABB 

2) Transfer of the LABB calibration  to  the OBC 

3) Residual non-lkarity correction 

4) Space view accuracy and space  view time interpolation  error 

5) Residual  polarization scan angle  dependent error 

6) Scan angle dependent  emissivity (start and end of We). 

The scan angle  dependent emissivity correction term is the ody tern in the radiometric calibration 
equation  which is explicitly  neglected in the AIRS level lb  algorithm. 

3.2.1. Scan angle dependent  scan-mirror emissivity. 

24 ver 2.10 
___" " . . . 

December 15, 1999 



.~ AIRS .~ Level Ib ATBD Part 1: IR Spectrometer  Channels . - ~ ".." I-r "" -l__l- 

The AIRS scan mirror emissivity ( averaged  over  the AIRS spectral  coverage) is 0.015, with an 

estimated nns variation of less than 0.0005. The AIRS radiometric caliiatkn uses dafi3.aa 

parts of the scan mirror for the  scene,  the  space  view  and  the OBC view. 

Figure 3.2 The scan  mirror  rotates  through  360  degree  every 2.667 seconds, producing one 

scan line  with 90 footprints on the ground and 6 calibration  related footpritrts- Djfiraerrtparts 

of the scan  mirror  (highlighted in black for arrays MI1 and MI 2) are  used for calibration  views 

and scene  views. 

Arrays M5 through M12 us the outer part of the scan mnirror, while arrays MI through M4 use 

the center part. During the pre-launch  calibration a scan angie dependent correction tean is 

measued which includes scm angle dependent  emissivity  effects.  However,  during storage 

and/or after some time in orbit the emissivity of the scan  mirror may differ fiom the  pre-launch 

c a l i i o n  values. It is estimated  that  after  five years on orbit ( n o d y  the End of I&, EOL) 

the layer ofmolecular contaminants on the scan mirror will be lQOA ttrick, irxm&ag its 

emissivity by 0.01 to 0.025. Since  the mirror is protected  inside  the  rotating  barrel b d e ,  there is 

no p r e f d  a ~ e 8  of exposure to  deposits. We therefore  expect  the lOOA thick  layer to be very 

uniform in thickness. The following section  gives  the  derivation of the correction term and a 

worst case  estimate of the magnitude, assuming a lOOA thick layer with a 10% variation m 

contaminant  thickness. This variation in emissivity  would  cause an rms emissivity  variation of 

0.001. The analysis shows that the resulting  the  emissivity  correction  term  can be neglected. 
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I .  Derivation of the  correction  term. 

We express true radiance tiom the scene, N(6). as the sum of the scan angle  emissivity 
independent term, No, a  correction  term, AN@), 

N(6) = No + AN(6). 

Assume that the scan mirror emissivity seen by a detector  at scan angle 6 relative to nadir is e(&). 

There are 90 scene views at scanangles -49 8 < +49  degrees,  space view S2 occurs at scan 
angle&=s,andtheOBC isviewedatscanangle6=b. Thereflectivityofthescanmirroris 

r(6)=1-e(6). The signal N(6) h m  the scene then gives the output: 

V(S) * G = N(6)*r(6) + e(6)*N(s) -t Xo 

The space  view signal due to the scan mirror emissivity and other background or c l tc tro~ offkt 

signals,xo, is 

V(s) * G = N(s)*e(s) + Xo 

and the view at the  calibration  blackbody  produces: 

V@) * G = N(b)*(l-e(b)) + e(b)*Ns +Xo. 

These equation can be combined as 

V(8)-VS Ma)*( 1 - e m  + Ns(e(d)-e(s)) 
- """"_ - """"""""""" Eq. 3-4 

vb-vs Nb*(l-e@)) + Ns(e(b)-e(@) 

Since  e(S)<<l and Ns * (e(b)-e(@) / Nb <<1 with  the cold scan mirror this equation can be 

simplified to 

AN(6) = NS * ( e(s)-e(6) ) - NO * ( e(b)e(6) ). Eq. 3-5 
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As a check of the equations, note that if the scan mirror emissivity is uniform, ie. e@)-+s)-+), 

then AN(S)=O, Le. the correction t m  vanishes fbr all 6.  

- 2. Estimate .of the  magnitude of the  correction  term DN. 

The panel in Figure 3.3. shows the assumed conditions for the  change  between the pre- 

launch/begin of life and end of life conditions with  respect  to scan mirror tempmtwe, gyer%e 

emissivity of the scan mirror h r  scene view, OBC view and space view, respectively, based on 

the a s s 4  worst  case 0.001 variation of the scan mirror emissivity. 

3 4 5 6 7 8 9 10 11 12 13  14 15  16 
wavelength 

Figwe 3.3. Eflect of scan  mirror  emissivity  variation on calibration  between  characterizion 

pre-launch  and end-of-lfe (which is degraded  by  contamination) for a worst  case  emissivity 

variation of  0.001. The d@erences at temperatures above 235K in the 0.05 to 0. IK c k  

Since retrievals are carried out in terms of brightness  temperatures,  we  express the scan mirror 

emissivity VBLiafiOn dependent  correction  term AN as a temperature  correction AT. This is 
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of 235 K and warmer the magnitude of the correction  term is less than 0.15K. At iow-er 

temperatures the correction is somewhat  larger. The AIRS level lb processing neglects this 

term. The term is therehtz included it in the overall radiometric uncertainty estimate. 

33.2. Radiometric Emr Estimate Snmnrplv 

The radiometric error depends on the spectral region and the scene temperature.  Table 3.1. 

presents a summary of the radiometric calibration error estimate based on quick-look analysis of 

thefinaIcalt'brationdata5rtbmidpointofeacharmy at asceneteqmxhmof25OKThe 

estimate does not inch& the absolute NIST calibratian mor. At the start of the lniepinn @igb 

lighted  area) the estimated error ranges from 012K to 0.26K m brightness temperature. The 

equivalent flux error range is 0.35% - 0.74%. With an additional estimated NIST absolute 

calibration uncertahty of I%, the absolute  calibration  accuracy is c o d d k  better tbsntb 

quiremmt. There i sas l igh i tadda iona ldegradat ion i f thewors t~~~~~minor  

contamhation aRer five years is included. A complete analysis with respect to the  requirements 

will be completed when the calibration data have been Illy anatyzed. 
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3.27Detector noise estimation 

A 

The level 1 b software  routinely  characterizes the gaussian noise amplitudc and non-gaussian 

. characteristics (if any) for each channel, This information is passed to the level 2 &orithm fbr 

use in the retrieval  accuracy  estimation 

1. Gaussian noise estimation 

a) A byproduct of the smoothed gain calculation, defmed as MEAN(V,-V,), is the 
STDEV(V,-V,) for a 1 0 0  (TBD) ‘pint scan-line window. The detector noise equivalent 
radiance is 

NEN  1 =G * STDEV(v,-Vs)/root(2), 

where  root(2)  accounts for noise in both the space view and the calibrator view. 
b) An alternate  estimate of the  detector noise 

NEN2= G * STDEV(DS2)/root(2). 

STDEV(DS2) is defined in section 3.1.3. A selection  between NENl and NEN2 will be based on 

an in-orbit  evaluation of the  stability of the measurement. 

2. Non-gaussian noise estimation 

Based on ATCF test  analysis  the  output, V, , observed  for  successive  space  views  for  each 

detector is predictable to an accuracy  approaching  the  gausslan noise for most detectors. The 

level 1 b  software makes use of this  fact for QA by predicting  the space view data mk, PVs. 

I f  (PVS - V, )> k* STDEV(DS2),  then  the  software assumes that some kind of transition 

occurred in the detector or the electronics. This is referred as a “pop” or “popcorn noise“. The 

multiplier k tentatively  set to 3 (TBD). The number of “pop’s” per unit time  element is included m 

the QA report. No space view smoothing occurs  across a scan  line where a ”pop” was detected, 
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"AIRS hfiared spectral  caliiration" means determining  how  each  infkared detector in the AIRS 

kstmmnt responds to incident  radiation of different  wavelengths. This characterization is called 

* the Spectral.Response Function (SRF') of the detector.  Determining the shape of tteese SWs is a 

cali i t ion task and therefore not part of the level Zb algorithms. SRF &ape Emd posihn 

uncertainty and the  effect on the accuracy of the upwelling spectrum  calculated by the forward 

algorithm is is discussed in the L2 ATBD.  Determining  the  spectral  positions  [CentroidsJ of 

these SRF's is a the Level- 1 B task. 

The AIRS sptrometer has a spectral  resolution R=WGX nominally eqd to 1200, where 6h is 

a detector's 111 width at half its rnaximum response (FWHM). The Functional  Requirements 

Document (FRD) calls for a knowledge of detector  centroid frequmies (for each array element) 

to within 1% of 6%- at all times. These frequencies are not to vary by more than 5% over any 24 

hour period. The FRD also demands  knowledge of 6h no worse  than 1%. 

4.1 Conceptual Approach and Justi€iatiOn 

ALRS in-orbit infiared spectral calihation is absolute, using identified  features at known spectral 

b&ns m observed upwe-  radiance  spectra. It is based primarily on three  components: 

1) Focal plane detector assembly  models; 

2) A spectrometer grating model; ami 

3) Upwelling  radiance spectra [both measured and modeled]. 

15 December 1 9 9 9  
! L" ." 

Ver 2.1 31 



~ . -  "..~.~ ,. ..-.- AIRS Level 18 ATBD Part 1: IR Spectrometer Channels 

The focal  plane  detector assembly models  spec%  the position of each AIRS infiarcd detector on 

the focal plane assembly, relative  to the other  detectors. A cbfkent hcal plant detector 

assembly model is used for each of the  three  spectrometer  thermostat  set-points (149K, 155K, 

and 161K). 

The spectrometer grating model specifies the relation bctwccn detector SRF centroids and 

detector physical positions (relative  to the grating and the imagiug optics). Thris is clkmsed at 

greater  length in section 4.2. 

The radiance spectra [both modeled and mRasured] provide "tie-points," dowing d e t d h  

of the absolute  position of the fbcal plane detector assembly. This is discusstd at greater leu& 

in section 4.3. 

The underlying assumption allowing this approach is that, for a given btnmrent condition 

(spectrometer temperatue and optics aligmmnt), the W p k  detector assembly remaim 

invariant. This assumption has been born out by three types of test performed pre-kmck 

A) Detector response centroids  were measured More d after acoustic and v~haticmd 

testing. Differences observd in detector SRF centroid (corresponding to 13% of SA) were 

consistent with a shift of the focal plane assembly relative  to the spectrometer optics, and showed 

no signs that the detectors moved within the focal plane assembly; 

B) Detectorresponsecentroidsweremeasuredmboth+Igand-Igenviro~(to~~ 

the magnitude of zero-g release etlkts). Dfirences observed in detector SRF centroids 

(cemspsnding to 3% of 6A) w m  consistent with a shift of the focal plane assembly relative to 

the spectrometer optics, and showed no signs that  the  detectors moved within the  focal  plane 

@=mbb; 
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C) Detector response centroids were measured repeatedly during an extended (24-hour) test 

simulatiag 14 day-night heating cycles. Again, di&mmxs observed in detector SRF centroids 

(this time comsponding to just 0.25% of 6X) were consistent with a shift of the focal plane 

assembly relative to the spectrometer optics, and again showed no sign that the detectors moved 

withinthefbcalplaraeassembh/. 

4.2 Spectrometer Model 

The AIRS spectral calt‘bration relies on a spectrometer calibration model 
derived h m  the textbook grating equation 

m*l = d * (sin(a) + sin(b)) 

W k  

m = the grating order, 
1 = the wavelength, 
d=~gratingconstant(thespacingbetween~sonttaegrating), 
a = the angle of incidence, and 
b = the angle of diffraction. 

(Eq. 4-1) 

Figure 4-1 shows a  schematic of a simple  grating  spectrometer  with  each of the 
j i v e  Rey model parameters, except  grating  order. 

15 December 1999 
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Figure 4-1 is a sketch of a simple  grating  spectrometer.  The  actual AIRS spectrometer is fblddcd 
with a considerably more complicated  layout,  but the basic  equation  4-1 applies. AIRS yyorks in 
grating orders 3 (at the longest  wavelengths)  to 1 1  (at the shortest  wavelengths). Through the 
use of two  spectral bandpass filters for each  detector array, one  covering the spectrometer 
entrance slit, the other diredy over each detector m y ,  and geometric optics, each detector 
array is guaranteed to see radiatiin from only one grating order. 

Thus h r  t& a single  detector array in the AIRS optical  system,  equation  4-1  can be rewritten 
(salving fbr  1-i) as: 

1-i = d/m[sin(a) + sin(arctan((oC_O + X-i)/L,)))] (Eq. 4-21 

1-i = the  wavelength of SRF centroid of the i'th detector, 
d = the grating constant, 
m = the  grating  order  (for  the  detector array of interest), 
a = the angle of incidence  (onto  the grating), 
X-0 = the  distance [in the alongdispersed direction] fiom the center 

of the fbcal plarme to the  optical axis of the system, 
X-i = the distance [in the  along-dispersed  direction]  to the i'th 

detector, tiom the center of the focal plane, and 

plane. 
L = the optical pathlength firom the fbcusing mirror to the fbcal 
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Test 945, Focal plane model, Phase corrected 

Figure 4-2 shows results offltting observed SRF centroid from individual  detectors to the 
spectrometer  model for three  representative arruys. Deviation of any one detectorflom the 
model  is typically much less than 3% of the SRF width,  the full scale of the plot. 

The systematic patterns m the d8erences between  model fit artd individual e b b  shown in 

Figure 4-2, seen particulary clearly m the shortest wavelength array Mla (2553 - 2676 cm-I), 

are due to the presence of channel spectra  (see  Appendix 6). At the  longer  wavelengths (array 

M4c,  1283  cm-1 - 1338 cm-I, and array M9,788 cm-1 - 851cm-1)  the  deviations  are 

increasingly  dominated by random noise in the meast~remnts. In aH cases,  the RMS daiatbn of 

the model fit &om the data is less  than 1% of the FWHM. 
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Analysis of pre-launch  spectral  responses  indicates  that  the  focal plane detector assembly is not 

co-planar (or, more  precisely,  that  the  focal plane does  not frill exactly on a [ d i g h t l y  n ~ e - p k l  

wavefront). These focal length differences  are  minute from detector  to  detector, but significant 

&om array to array. Fortunately, as with  the  detector  translational  positions,  pre-launch  testing 

~ indicates tha,t the  observed  relative  focal length differences appear canstant, for a given 

ltlstnunent thermal set-point.  Expressing L as the mean focal length L-0 plus m amy-depe&. 

delta dL-k, we have  (explicitly  showing all dependences): 

1-i = the  wavelength of the  i'th  detector, 
d(T) = the grating constant  at  spectrometer  thermal set point T, 
m e )  = the order of detector array k, 
a(k,T) = the  incidence  angle on the  grating  for  detector  array k, at 

spectrometer thermal set point T, 
X-0 = the distance [in the along-dispersed direction] fiom the cater 

of the focal plane to the optical axis of  the  system, 
X-i = the  distance  [in  the  along-dispersed  direction] to the  i'th 

detector, h m  the  center of the focal  plane, and 
L-0 = the nominal optical pathhgth fimm the fbcusing mirror to the 

facal  plane, and 
L(k,T) = the measured @re-launch)  difference between the nominal 

focal  length to the  k'th detector amy and the nominal hcal length, at 
spectrometer  thermal set point T. 

Values for the parmters d, m, a, X-i, and L were  accurately  determined during pre-launch 

ca€iMon, leaving X-0 and L-0 to be determined in orbit as part of the  level lb  algorithm. 

"Fitting the grating equation" then becomes a mtter ofdeterrm'ning L-0 and X-0. h e  L-0 

and X-0 have been chosen,  equation 4-3 yields a calculated centroid wavelength fbr d 

detector. 
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Threeprec is ionscrewsintheActuatedMirtorAssembly(~)canbet \rcnedin~~ 

repositioning the focusing mirror. This permits in-flight control of L-0 and X-0. third 

degree of kedom controls the cross-diipersed imaging of the  entrance slits onto the detector 

arrays.] During prelaunch alignment of the instrument, L-0 is set to an optimum distance 

- (approxhstq4y eqd to the on-axis fbcal length of the fbcusiug mirror). 

4 3  SRF Centroid Determination in Orbit 

The in-orbit SRF centroid determination metbod can be summariaed as: 

A) Determine the positions (on the detector array assembly) at which 

a spectral feature is located; and 

B) Select X-0 and L-0 m the gratiug spectrometer  model (Eq. 4-3) to 

minimi7e the c€B&mes between the calculated wavelengths ( h m  

the grating spectrometer model) and the known, pre-determined 

wavelengths of the feature of interest. 

These two steps, as well as the criteria for upwe& radiance fixture seledion, are d e  

bebW. 

43.1 Spectral Feature Fitting 

The spectral features which  have  been  selected are based on radiative imnsfkr c a k u k h s  wilh 

climatologically representative atmospheric conditions. Because mdktive tnmsk m 

thermodynamically stable atmospheres is readily  computable (good physics),  and because 

. - . " . , 
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absorptiodemission line positions and strengths are well measured  (good spectro~~opy), the 

locations of the selected spectral features are also extremely  well known 

The method used to determine the position of each spectral feature is as follows: 

. a) Fm ob+n an observed upwelling radiance spectrum. In principle,  every AIRS spectrum 
could be used for wavelength  calibration. In practice, only those fbur observations nearest radk 

willbeused. ~spectraforthenadirlocationthushavetobestoredF~~,toiocrease 

signal-to-noise, only those footprints which are cloud-free (as determined by a spectral  contrast 

criterion, on a feature-by-feature basii) will be used. Such near-nadir, cloud fke radiaaEe 

spectra will be accumulated  for five mihutes ( a c t w l l y  interval TBD) and averaged. The 

trenmendousthennalstabilityoftheAIRSinstnrment,as~prp-~~~Irrtodo 

this, even as the instrument crosses the terminator. 

b) Then  select nominal vahres of X-0 and L-0 (and use the measured, pre-launch values of the 

other spectrometer grating  model  parameters) to calculate nominal ikqmcbs f r s i n g  quation 

4-3) for some number of detectors (about 14, typically) spanning the Gesture of inte~est. 

c) Sample the pre-cdcuiated [modeled] upweUing d i e  spectrum at those fiequencies, using 

M appropriate clitology for the upwelling radiance spectrum. 

d) Calculate  new detector fkequencies corresponding  to shifting the focal plane (changing X-0) 

by +-5,10,15,20, armd 25  micron^. 

e) Sample the same [modeled] upwelling radiance spectrum at  these ten sets of  new firequencies. 

f )  Calculate the correlation coef€icient between  each of the eleven sampled radiance spectra atad 

the observed radiance spectnun, using the Pearson algorithm (Ref, 7). 

g) Fit a parabola to the observed correlation coefticients, and detemim the lacation of the @L 

of the  parabola 

The calculated position  of the peak (in microns translation of X-0) is then added to the nomid 

position of & feature (determined pre-launch), yielding the observed psitian of the peak, 

38 
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This procedure is carried  out  for each of the  approximately 25 (TBD) chosen  features, producing 

a set of 25 (TBD) fiequency/position pairs (the frequencies of the features, &e their nominal 

positions, are calculated once, pre-launch). 

With these 25 (TBD) calculated positions (X-i's calculated fi;omupwelhg radiance spectra) d 

their corresponding 25  known wavelengths,  values of L-0 and X-0 me bund which n6r6n6ae 

residuals between calculated and known frequencies, in a least-squares sense. The simplex 

search algorithm "Amoeba"  (Ref. 7) is used to  accomplish this. 

4.3.2 Spectwi Feature  Selection 

Spectral features  to which to lit observed radiance riIst satisfy a nmnba of criteda: 

1)  Because these "tie-points" anchor the fit to the spectrometer grating model 4 h all 

detectors,  the more features that are available  to fit to,  the better. 
2) In order for the spectral  calibration to apply  equally  well  to  all  detector arrays, it is highly 

desirable  for the spectral features to be distributed  across the focal plane (evenly distribted, 

ideaJlY)- 
3) For numerical fitting purposes, it is highly desirable  to  have  the  features be sharp (because 

translational fits are best done at  places where radiance varies rapidly  with frequency). 

4) Most importantly, the calcuiated positions of the lines must not significantly change spectrally, 

under  any  anticipated  climatological  circumstances, 

~ .. -~ ~... ." -. , .-. "... .. ...... . .~ -~ -._ ., . . 
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Table 4.1. Candidate region waluation for upwelling 
flux spectral calibration .. 

region LM#  LM# amy element frequency [llcm] 
# mod start end start end '~ start end . . .  

1 Mla 
2 
3 
4 
5 Mlb 
6 M2a 
7 
8 M2b 

- . . 9M3 . . -. - . . . . 

10  M4a 
1 1  
1 2 ' k b  
13 

. 2 0  2 7 .  21 28 
3 4 4 6  3 E .  47 
4 8 5 6  49 e-- 
95 1 0 8  s 109  

187 200 7 0 8 3  
256264 9 17.. 
340s 93 io9 
461 473 98 110 
593 .6!7-. .. . .. 80 104 - ' 
709 721 4 16 

".. . . 8 .  
13 
9 -  

14 
14 
9 

17. 
13 

13 
. 25 . . 

14M4c 944 956 B ,  41- 13 
15 976964 61 6$ 9.  
16 M4d 1035 1 0 4 4  2 6 3 5  10 
17 M5 1142 , 159 1 1 5 0  , l.74.. .. . . 27 -35 9 .  
18 4 4 5 9  I S  
19 1178 1 1 8 9  63 74 12 
20 M6 1277  1290 3 16  14 
21 1299  1311 z37 13 
22M7 1497 1524 5 6 8 3  20 
23  1566  1580 125  1 3 .  15 
24 M8 1648 1 6 6 1 .  4 0 5 3  14 
25  1701  1710 93 10.2: .  10 
26M9 1797 1805 28 9 
27  1828  1840 59 71  13 

31 M11 210821% 
32  2141  2159 3 8 5 6  19 
33 M12 2258 2278 1 1  31  21 
34 2346 2 3 6  99 119  21 

. .  

5 2 2 ' "  18 

2642.94 

2612.89 
258.85 
2 3 5 5 . 0 9  

2560.46  
2469.s 
2229.3 

1397,51. 
161 1.43 
In! -39.. 
1520.19 
1489.22 
1321  . S l  
1 3 0 3 1 0 2  
1m.74 
1 1 2 2 . 4 5  
11 1314 
1103.53 
1045.1 1 
1034.94 

952.3 
9 2 6 . 2 6  

890.29  
072.77 
841.4 

829.18 
797.01 
751.02 
739.32  

727.13 
717.31 
679.27 
657.01 

m7:81 

~ . .. ., 

typical number of detedors per region a 14 
minimum 8 

^. 
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147%8 
131437- 

129a.41 
l2!53.88 
1118.19 
1105161' 
1097.88 
1039.07 
1029.47 
941.94 
921.15 
885.92  

869.87 
838.21 
824,1cj. 

745.ieI' 
790.58  

731.91 
722.04 
712.06 
674.07 
652.16 
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Table 4.1 lists the 34 spectral regions that have been  identified as potential  candidates fix use as 

upwelling radiance  features. A typical spectral region has 14 channels, but tbe varies 

&om eight to 26 channels. Regions 3 0 , 3  1, and 32 are included  in  Figure 4-3. 

___ MEAN CONDITION; ....._..... EXlREME CONDITION 

700 71 0 720 730 

WAVENUMBERS [cm-”] 

Figure 4.3. The spectra&  resolved COt spectral  features in the 712 to 736 on*’ region of the 
pectrum present an excellent  region for spectral  calibration. 

The  method used to  determine suitability was as follows: 

a) The upwellmg radiance for a US Standard  texnperature and mistwe profile was calculated 

using the AIRS SRFs on a fiquency grid corresponding to a nomioal fimpmcy rmdd, d 

again for frequency grids corresponding to shifts in X-0 by +/- 5,10,15,20, and 25 microns. 

b) Simulated  “observed” AIRS spectra  were  then  calculated (for each potential spectral fdure) 

on these 1 1 fi-equency grids, for each of eight different cxtrense chatahgkd conditioILsp The 

15 December 1999 
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eight different climatobgies were chosen to simulate anticipated variations m the upwelling 

*spectra. 
c) The locations at which the comlations between the “observed” and the pre-calculated 

spectrum peaked (and the resultiq correlation Coeflkients) were determined, for each spectral 

&atme, for qach climatology. 

d) Statistics were calculated over the eight climatologies, pvbdhrg the mean d stadad 

deviation for the observed shifts and correlation coefficients, on a feature-by-kame basii. 

Table 4-2 shows the results. The suitability flag WBS determined by requiring the following: 

1) Ameanshatoflessthan1.3microns(thisisequivatentto13%oftheSRFFWHM), 

2) A standard deviation of the shift of less than 2.6 microns, and 

3) A peak conelation coe&ient larger than 0.98. 

Based on these criteria, 27 of the 35 candidate regions are acceptable,  The spectral features 

were located with a mean error of 0.05 microns. This corresponds to only 0.05% of the SRF 

FWHM. A l l a r r a y s e x c e p t M l b a n d M 4 d c o ~ a t l e a s t o ~ a r x e p t a b l e ~ ~  
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Table 42. US Standard  compared to 8 dimatologies 
[without polar winter) 

region . shilt(um) 1.3 . .  2nd ... denv(xllp0) 
# mod mean  sigma mean sigma 

1 Mla -0.60. l.w 0 0.69 0.01. 
2 - 1.19 
3 -0.57 
4 -9.41 
5 Mlb -0.73 
6 M2a -1.30 
7 0.08 
8 M2b -1.86 
9.m -0.02 

10 Ya.. ~ 

4.21 
ii- a:= 
12 h$#b 0.08 
13 .~ 0.17 
14.,FC - 0 . 3 0  
15 -0.45 
16 M4d -0.44 
17 M5 -0.90 
18 0.05 
19 -0.07 
2oM6 0.23 
21 1 .€a 
PM7 0.91 
2 3 .  

24 Me 
25 
26 "9 
27 
20 
29 "10 
30 
31 MI1 
32 
33  M12 
34 

-1 .a3 
0.13 

-0.04 

1.17 
-0 .89  
0.60 
-0.139 
0.04. 
-0.04 
4.02 
0.02 
-0.14 

1 .04  0 
0.37 0 

10.96 I 
1.14 0 
1.43 0 
2.48 0 
2.63 1 
0.05 -0 
0 . G  . .P 
0 . n  0 
0.26 0 

0:1.7 0 
0.99 0 
0.06 0 
6.55 0 
1.31 0 
1.33 0 
4.51 0 
0.39 0 
1.84 1 
4.w 0 
1.28 0 
0.15 0 
0.13 0 
1.55 0 
1.56 0 

0.31 . 0 

0.34 0 
1.02 0 
0.25 0 
1 .07  0 

0.86 0 

0.20 0 .  

9fi microns 
all array median position error 

0.18 
0.30 
0.05 
0.17 
0.12 
0.02 
0.10 
0.12 
0:Se 
0.25 
0.32 
0.15 
0.26 
0.32 
0.46 
0.54 
0.51 
0.52 
0.06 
0.52 
0.32 
0.35 
0.34 
0.31 
0.48 
0.52 
0.58 
0.55 

0.65 
0.55 
0.51 
0.42 
0.48 

. .  

0.02 
0.01 
0.01 
0.00 
0.01 
0.m 
0.m 
0.m .o-oo-. 
0.00. 
0.00. 
0.00 
0.02 
0.00 
0.08 
0.05 

0.04 
0.00 
0.04 
0.05 
0.02 

0.01 
0.03 
0.02 
0.01 

0.02 - 

0.00 

0.m 
0.00 
0.01 
0.00 
0.01 
0.01 

-?I! region 

0 . 8  ?:!._tummafY 

0.996 0.003 0, 0 . 0' ~. 

corr.coeff 
mean  sigma . .. 9 0 0 6 0  - 

0.997 0.m ~ 

0 . 0 .  0 
0.995 0.ms 0 0 0 
0.993 0.009 0 1 1 
1.m 0.m 0 0 0 
0.999 0.001 0 0 0 
1 . ~ 0  o.ml o o 0 
1.m 0.m 0 1 1 
1.m 0.m. "0 0 ~ 0 ..~ 

1:om 0.m 0-  "0" - . 0 
0.999 o.Cfl1- . 0 .  A! ... 0 o:@- 0.001 0 " 0 0 
l.m 0.m 0 "  0 
0.998 0.004 0 0 

0. 
0 .  

. . . . . . . . 

. 

1 .m 
0.986 
0.988 
0.995 
0.993 
1 .m 
0.908 
0.960 
0.967 
0.995 
0.999 
0.997 
0.993 
0.976 
1 .m 
1 .m 
0.999 

0.m 0 0 
0.009 0 1 
0.019 . o  "0 
0.006 0 0- 
0.010 0 1 
0.m 0 0 
0.019 0 0 
0.026 0 1 
0.013 0 0 
0.005 0 0 0 
o m 1  0 0 0 

.. . 

0.002 0 0 0 
lmI8 0 . o  0 

0.m .o 0 0 
0.m.. ..o .. 0 0 
0.001 0 0 0. 

0.021 1 0 1 
. .., 

0.999 0.ooi- 0 .  0 0 
0.998 0.001 0 0 0 
0.997 0.003 0 0 0 

n 
t o t a l  number of good regions 
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4.4 

The 

Spectral Calibration Error Estimation 

uncertainty in the SRF centroid  position  determined by the spectral  calibration algorithm had 

fbur main components: 

1. the uncertainfy m the  spectrometer  calibration model (based on p-)8tmdr caEbm&m}, Tbc 

presenq of channel spectra in ttae entrance (order isolation) &ers of the AIRS %gbt model 

contributes  to  the  basic  uncertainty of the accuracy of the  spectrometer  model. 

2. uncertahty in the determination of L-0 and X-0 in orbit based on the  finite  number  of 

spectral tie-pomts  obtained fkom the upwelling spectra. 
3. the mismatch between the pre-calculated climatology spectra snd the act& UpweUiElp; 

xadiamx. 
The magnitudes of the uncertainties d f i r  from m y  to m y .  A complete  error analysis will be 

performed based on a fbd analysis of the final caliition data. We expect that 1% of tik 

requirement will be met. 

Accurate  knowledge of the SRF FWHM and  the SRF wing response is criticd  for  the  accurate 

calculation of the transmittance k t i o n  in the Radiiive Transfer Algorithm (RTA). Errors in 

the knowledge of the SRF width d o r  wing response will mimic spectmmpk CWIS, which 

under some conditions m y  exceed sewed times the radiometric error, Details af these eflkcts 

will be discussed in the RTA section of the  Level-2 ATJ3D. Details of the SRF shape, including 

focus and temperature efhts,  will be published in the AIRS Spectrometer Caliition Report. 

Direct  determination of the shape of the SRF in orbit is not possible d is not part of the Level- 

1B calibration algorithm. The indirect  validation of the SRF shapes and centroid positims, using 

upwelhg spectral r ad i i e s  in areas  where  the  state of the  atmosphere  (temperature  and 

moistwe profile) are accurately known, is part ofthe AIRS Validation Plan. The relevant  section 

of that plan is reproduces in Appendix 7. 
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5. Spatial Calibration 

The AIRS inti.ared data, with a 1.1  degree  effective FOV, will be analyzed simultaneously with 
miclowave data h m  the AMSU (3.3 degree beam), and the HSB (1.1 degree beam). Knowledge 

- of AIRS FOV location on the ground has to be within a 255 ~ u l c  second hdf cone at&. The 
requirement is easily met by the spacecraft hwledge  of the pointinp vector within 1 2 2  arcsec (I 
dpma). The selection of  several AIRS FOV's within  the AMSU FOV is thus based on  data fiom 
instrument  integration,  Details of the selection of AIRS FOV clusters  located  within  the AMSU 
FOV are discussed in the level 2 ATBD. No AIRS infixred pixel interpolation is required or 
included m the level 1 b algorithm 

5.1. Infrared Boresight Validation 

The AIRS infi.ared  boresight has relative  to tbe scan mirror axis was v a X d  as part of the ATCF 
testing. The level la software combines the scan mirror encoder data aad spacecratt tan%try trr 
determine the infitxed boresight. Validation of the AIRS infkared boresight  at  the team leader 
filcility is planned  to  facilitate cross-comparisons between AIRS and  other  instruments on the 

part of the level l b  software. A description of the  concept is included in the following because sf 
general  interest. 

EOS PM space~raft. This algorithm is part of the in-orbit validation s~ftware, and a~ SU& 

The algorithm will make use of the  statistics of crossings of high contrast scenes (e.% t.rm&iam 
h m  land to ocean) to detexmiue  a  longitude and latitude offset angle between the: appmst 
boundary location and the  true boundary location. If the temperature  contrast  between  ocean  and 
land is AT& , the spectrometer noise equivalent  temperature  per  footprint is NEAT, the angular 
footprint diameter is a, and  the  average angle between  the cross-track scan a d  the coasthe 
intersection is (x, then the statistical accuracy of the cross-track position accuracy detenruoatpo 

fkom n crossings is 

. .  n 

Awn)  NEAT cos(a) -= 
0 AT,, Jn  

For typical  values  of ( x 4 5  degree, NEAT=0.2 K and AT,I=lO K, we obtain 

Eq. 5-1 
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Response: This is discussed in Section 3.4. Suitable  correction  terms will be developed 
based on the  measured response fiom the LABB s t a b W  at 205K to 360K in steps of 
15K. 

3. Concerns about the scan mirror 

QuestiodConcern: The  scan  mirror  non-uniformity is not calibrated This  needs  to  be 
investigated  thoroughly in vacuum tests  before  launch.  Possible  changes  in  the  lifetime of 
AIRS need  to  be  modeled. 

QuestiodConcern: The  abiIity of the AIRS instrument to monitor drerences and changes 
in  the  scan  mirror  emissivity  on-orbit for those  positions on the  mirror  used to view  the 
Earth is not established 

QuestiodConcern: How isotropic  is  the  background  radiation so that  space,  blacltbody 
and  earth look all have  the  same  radiative  oflset?  How  will  this  be tested in  vacuum? 

Response: This is discussed in the ATBD, section 3.4. The  effect is sufficiently small to be 
neglegible  and still meet the AIRS absolute calibration requirements. 

QuestiodConcern: The AIRS scan  mirror  emissivity may change in orbit  due  to 
contamination Could the  scan  mirror  emissivity  be  calculated  using  the  cold-space-view 
experiment proposed by the MODIS and CERES  teams. The benefits of a deep s p c e  kook 
should be explored. 

Response: 

1) The AIRS radiometric  calibration has no sensitivity to the mean vatue of the scau mirror 
emissivity. A scan angle dependent  variation in the emissivity would have an effect. This 
is discussed in Section  3.2.1.  Under  worst  case  assumptions  the  effect is neglegible for 
AIRS instrument  conditions and calibration  requirements. 

2) It would be desirable  to  measure  the  emissivity of the scan minor at dl scan angles for 
all wavelengths  directly  in-orbit.  Eq.3-13  could then be uscd  to calculate the rxcbce 
correction  term AN@). However, the  proposed  experiment  does  not  provide for AIRS 
the information required to  calculate  the  emissivity as hction of scan angle. 

50 Ver 2.10 
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It has been proposed to do  a  cold-space scan maneuver with the Aqua satellite to measure 
radiometric  parameters, including scan mirror properties, for CERES and MODIS. In this 
experiment the spacecraft nadir position is rotated 180 degrees  and  the  scan  mirror  steps 
fiom -49 to +49 degrees to scan cold space. The  experiment takes about 30 minutes. Using 
the notation of section 3 the exprhent provides 90 equations for the unknown 96 vahtes 
of theemissivity 

(V(S)z-V(s)) / G = Ns * (e(a)-e(s)), 

This system of equations  can only be solved  with  somewhat arb- assumption. 
Equation  for e(s) and e@),  related to knowledge of the transmission of the scan mirror in 
cold space view and OBC view position, are not available fiom this  experimeat. If we 
assume an average  responsivity R, we can  solve for the 90 values of (e@)-e(s)). We can 
then calculate a standard  deviation of the emhkity re- to the 

Ae=STDEV(e(s)-e(s)), 

and use it to  update  the  estimated  error incurred fiom neglecting the scan mirror emissivity 
in the calibration equation. 

4, Concerns about the spectral calibration 

QuestiodConcem: How does the grating  constant vary with  temperature?  Can the 
required  thermal stability be  achieved? 

Response: Level 1 b ATBD IR spectrometer, section 2.1. 

The effect of  spectrometer  temperature on the spectral caliiration was measured in WAC. 
A spectrometer  temperature  change  causes an apparent shifl in the hcal p k  position of 
2.7 mimddegree K. Since the SRF width is equivalent  to 1 0 0  microns,  this  corresponds  to 
a shift of 2.7% of the SRF width  per  degree K temperature  change.  The  effect is due  to the 
expansion  coefiicient of the Aluminum. 

The spectral  stability achieved under  simulated  orbital  conditions  exceeds  the  requirement 
by a &tor of 10. During the simulation of 24 hours in orbit  the  observed mlititude of the 

Y 1 
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apparent focal plane motion was +/- 0.3 microns. A shift of les s  than 0.5 micron, 
CO" to 0.5% of the SRF width, is practically raeglegible. 

The temperature of the spectrometer has a time constant of 20 hours and the temperature is 
actively rewed to within 0.01K. After thermal equiliium is achieved  (estimated  to  take 
about two week, based on the experkme in the ATCF), the spectral calibration of AIRS is 
expectedtobeextremelystabk.Theactmtm 
thus more in the  nature of spectral  stability  calibration monitoring. 

. . .  planneduoderrnutinc"~ 

Software has been developed  fbr the level 2 processing to track spectral calibration shifts of 
less than 5% of  the SRF width from the nominal fiequacks using regression based 
interpolation. With the observed  stability  the tracking sofiwm will not  be necessary. 

QuestiodConcem: There  needs to be  an  estimate of the  error due to [ the-  use of 
calculated  radiances  (which  are  irnptjiecG for spectral  calibration. Haw do thin cimLF 
aflect  clear scene spectral  calibration? 

Questiod'oncem: AIRS'S approach  to cloud detection may be  inadequate for certain 
hard to detect cloud types and may @ect  the  on-urbit  spectral calibration 

Response: Level 1 b eom ATBD IR spectrometer,  section 4.1. and Table 4.2. 

Since the  correlation algorithm is invariant  to additive and multiplicative terms in the 
radiances, the upwelling spectra need not be hwn very accurately, as long as tfie specid 
features due not M. Spectral fkatures due to resolved isolated  lines  do  not shift, but some 
spectral features which are only partially resolved show an apparent shift. Spectral fkatures 
which show excessive sensitivity have been identified m Table 4.2. and ha;vp: been reje&d 

1 .  

2. 

3. 

Clouds will have  little  efikct on the spectral calibration,  since  they  do  not  have a 
significant spectral  signature over the narrow spectral range used in the fkqwncy 
C a l i t i O n .  

Only clear fields of view will be used for spectral calibration. Clouds will be detected as 
part of the  cloud-clearing algorithm. Fields  with  thin  cirrus clouds will be identified by 
their broad spectral signature in  the 1 1 micron area. 
The spectral caliition algorithm  rejects  data if the correlation coefficient peak is less 
tban a predehxl threshold  unique  to  each spectral region 
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QuestiodConcern: AIRTpropses to monitor  spectral  calibration  using  Earth  scene 
radiances  rather  than a well-characterized.  calibration source. 

Response: See  Table 4.2. For the AIRS accuracy requirement the upwelling spectral 
radi ie  is the one obvious and only reliable  spectral  calibration  source. 

5. Concerns about Level tb Vatidation 

QuestiodConcern: The position of  the AIRS instrument  team  on  the  usefulness of 
vicarious  calibration for the on-orbit  validation of instrument  calibration is not presented 
in  the ATBD and it is a bit  conficsing. 

The AIRS team has the goal of using vicarious validation for routine p m i n g ,  i.e. 
ground-truth using sea-surlice floating buoys will be used in the initial didation process 
and as part of the routine level 1 b QA effort. This monitoring effort includes scatter 
dm of the deviations (residuals) of the observed  temperature fiom the ground-truth 
temperature 
1) as fbuction of temperature (270K to about 3 1 OK) and 
2) as function of scan angle. 

The ptocess of  vicarious validation difhrs &om the process of vicariaus CalitKatiOa: 
Vicarious v-n minimim the residuals between nmsureddi and h 
calculated based on ground-truth data by analyzing the root of the discrepancy and fixing 
the “error” at the root. This not only e l i t e s  a bias uncler a specific condition, e.g. at 
270K &e temperature, but it decreases the bias at other conditions, e.g. muchcak 
temperatureswhichcannotbereadilyvalidatedviagrod~ If spectdpttermmthe 
residuals suggests a problem with the  level lb soilware, appropriate corrections will be 
made m the software. This procedure eliminates bias and decreases the residual scatter. 
Vicarious cal i i ion by empirically minimiziag residuals between calculated and obsenred 
only eliminates a bias at a specific condition (perhaps only at a validation site). The section 
on AIRS level 1 b validation fiom the AIRS Validation Plan, expected be released on 15 
December 1999, is reproduced for information as Appendii 7 of the  level l b  ATBD. 
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Appendix 2. Dictionary of Abbreviations 

ADC Analog to Digital  converter 

AIRS Atmospheric Inbred Sounder 

AMSU, Advanced  Microwave  Sounding Unit 

ATBD Algorithmkretical Basis Document 

ATCF  AIRS Test and  Calibration  Facility  (TVAC) 

csv Cold Space View 

DCR 

DN 

DOD 

EM 

EOS 

FOV 

FM 

FRD 

GSFC 

HgCdTe 

HIRS 

HSB 

IFOV 

IR 

DC Restore (of the electronics) 

DataNumber 

Department of Defense 

Engineering Model 

EarthObserving System 

Field of View (projected on the ground pertaining to one dwell time) 

Flight Model 

Functional Requirements Document 

Goddard Space Flight Center 

Mercury-Cadmium Telhuide 

High Resolution Inhreci  Sounder 

Humidity  Sounder Brazil 

Instantaneous Field of View. Smaller or equal to the FOV. 

1nfi.al.d 
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ITS 

JPL 

MODIS 

MSU 

NASA' 

NEDT 

NEN 

MR 

NIST 

NOAA 

NWS 

OBC 

OBS 

PC 

PFM 

PRT 

PV 

QA 

SRF 

Tl3D 

TVAC 

VIS 

Interagency  Temperature Sounder 

Jet  Propulsion  Laboratory 

Moderate Resohtion Imaging System (on EOS-Am and PM) 

Microwave Somcimg Unit 

National Aeronautics and Space W 

Noise Equivalent Delta  Temperature 

Noise Equivalent Radiance 

Near Infiared (between 1 and 3 microns) 

National  Institute of Standards 

National  Oceanic and Atmospheric Administration 

National Weather Service 

On-Board  Blackbody Caliirator 

&Board Spectral reference source 

Photoconductive  Detector 

Proto F w t  Model 

Platinum ResistaM.R Thermometer 

Photo Voltaic Detector 

DataQualityAssessment 

Spectral Response Function 

To Be Determined 

Thermal Vacuum Chamber 

Visible wavelength 

. .  
L1 

~~. 
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Appendix 3. Radiometric  calibration cocfiicients . ~ d  pre lbkry rzwfta 

1. The radiometric calibration coefficients were  evaluated using the LABB. The LABB is a 
wedge cavity design, larger,  but  otherwise similar in its basic to the O K ,  but with selectable 
temperature between 19OK and 36OK. It is located  at a distance of 11.5" &om the scan mirror. 

- The walls ate coated with Aemgalze 2-302, which has a reflectivity af less than 0-11, For the 
wedge angle of 27.25 degrees and the AIRS geometry more than 6 specular reflections  are 
required k h r e  the beam exits the cavity. The LABB emissivity is theoretically is better than (1 - 
(0.1 1)6), i.e. better than 0.9999. The LABB output is given directly by the Planck function. The 
Platinum Resistance Thermometers (PRT) were MST calibrated, For the OBC cdibtkm test 
the LABB set to ten  temperatures, T.labb, between 205K and 340K.  Using the  terms  defined in 
section 3, we have ten  equations in 4 unknows 

Planck(T.k) = a1 * W + a.2 * W2 + a3 * W' + a 4  *w" 

and solve for a.1, a.2, a.3 and a 4  in a least squares sense. 
Figure A.3.1. shows r e d s  of preliminary c-n data malysk- If we write 

where W is the signal in data numbers from a 250K blackbody, then a.2 * W / a 1 is a  measure of 
"Nonlinearity". This measure is plotted m Figure A.3.1. 

Coefficients  based on the 6nal calibration of the AIRS PFM have not been generated 
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Figure A.3.I. shows the eflect of non-linearity at 250K The eflect is extremely small for the P V 
detectors (short of 11 mimom). For  the PC detectors at the  longest melengths the c m &  
is about 2%. 
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2. OBC cal€bration: 

The OBC was c a l i i e d  pre-flight  relative  to a Large Area Black Body (LABB), a MST 
traceable secondary standard developed by  BOMEM, Inc., of Quebec City, Canada For the OBC 
calibrationtheLABBwassetto310K Usingtbede~mofsection3. 

. N.obc = a1 * W.obc + a2 * W.obc2 + a3 * W.0bc3 + a4  * W.0bc4 

Since the OBC was accurately  temperature  regulated at T=308.0K, we can d e b  an efkctive 
emissivity 

e(nu) = N.obc(nu)/Planck(308,nu). 
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I Apparent emissiviv of the OBC for all detectors. The OBC Temperature 
weighted  reading was 307.9K kO.1 K 
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The emis s i i  of the OBC, shown in Figure k 3 . 2  based prelimitmy data adysk, is within 1% 
of unity. This is qualitatively  very encouraging, since the predicted OBC errrissivay is 0.999, A 
small temperature gradient  (about 0.2K) across the OBC causes  the  apparent  emissivity to be 
slightly wavelength dependent. 

Use o f  the OBC for the radiometric caliition equation requires the dehition of a mmkd 
. brightness temperature  which ties the LABB based radioernttic dibmthn, T-obs, into tbe output 

of the OBC temperature sensors in the  telemetry, Tobc.sens. 

Define 

Tobc.~ens=a*Tl+b*T2+c*T3+d*T4 and 

T.obc = Tobc.sens + DT.obc 

Tbe mean OBC temperature calculated  over all fiequencies is 308.22K This is in very good 
agreement with the OBC  thermostat  setpoint of 308.0K However, based on the  design and the 
location of tbe temperature sensors in the OBC  we  would expect a=W.45, ~ 0 . 0 9  and d4.01.  
W"tth these coefiient we found throughout the testing Tobc.sens = 307.92& resuhing ia DT-obc 
= 0.30 K. A re-evaluation of the OBC temperature sensor caliiation is in process. 

If the temperature of the OBC should change in orbit, then DT.obc defines the relationship 
b e t w e e n t h e r e p o r t e d ~ ~ a n d t h e t e n t p e r a t u r e t o b e u s e d i n ~ e ~ ~ ~  
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Appendix 4. Pohrization Correction term 

1. Instrument  polarization 

mirror modified by the measured polarization. Although  correction  equation E. 3-3 only requires 

the  polarization, observation of the S and P conplonerzts has  allowed US to mribute the tw fk  of 

the spectrometer  polarization to the grating. 

O l  O d  

0.7 t 

I +  

Figure A.  4.1. Spectrometer  polarization and scan  mirror  polarization  are  used to determine  the 
scan  angle  dependent  radiometric correcrion term. 

Extensive modeling of the components  that  contribute to the polarization have yielded good 

correlation  between  prediction and measurement giving good confidence in out pokiz.atkn 

estimates (Ref. 8). Spectrometer polarition was derived fiom system  level polarization 

measuTements and dimimg out the measured  polarization of the  scan mirror. Scan  mirror 

polarization was measured fbr the AIRS scan mirror witness samples by MET Lincoln Labs 

(Ref9). 
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2. Measured Scan Angle Dependent Radiometric C o d o u  Tern 

Measurements were obtained on the AIRS system in its final flight  configuration (November 

1999) to verify the validity of the algorithm  used for the scan angle dependent correction term. 

Based on pre- analysis the data show excellent agreement between the predicted 

- correction tenns and the radiances. 

The AIRS instrument was allowed to view the Large  Area Blackbody (LABB) at scan angles 

fkom about 4 8 '  to +36*. The radiometric o&t due  to  polarization, uW',,, was calculated as 

the difkrence between the radiance as derived using the m t d  OBC, and the known radiance of 

tbe LABB, 

~ p . m a S  = N d c  - ~ c d c , m d l r  

The derived (calculated) radiance for the LABB f?om the ALRS med ciigitd IlLLmber was 

obtained using the measured dn's and averaging over all sc~(11ls: 

Ncac = Derived  radiance of theLABB (w/m2-sr-pm) 

dnmB = Signal measured  while viewing the LA BB 

dnspAcE = Signal measured while viewing the space 

The kt ional  radiometric correction and temperature correction were then catmhted fkm the 

radiometric o t k t .  

. . . .. . . . .. . . . . 
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Figure A.4.2. Radiometrik  oflset at -50 degrees  (campared to nadir) far the $1 refmnce 
detectors. Residual errorsfim the model and measurements are mostly less thrm O.IK with CI 

few exceptions on the order of 0.2K 

Weperformedtfie~~onthe51rdetectors(threeperarray,oncat~centerand 

one on each end of the 17 IR modules) at -50 degrees. The results are shown m Fswe 3 3 .  The 

difference between the expected correction  (model = x) and the measured offkt is less than 

0.05K at wavelengths shorter than 8.5 microns. At longer wavelengths  there is excellent 

correlation between measuremmts and mdeL The difEremes are typically less thanO. lK,  but 

there are two cases of 0.2K difkence. The cause of this is cumdy under inw&#m~ . .  
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Appendix 5. Temperature change which correspon& to a le? change in rdhnce 

Table A.  5. I .  Ternperawe change which corresponds to a I % change  in radiance. 
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An interference  transmission filter, deposited on a substrate of physical  thickness t and refkactive  index  n,  made 
with accurately  parallel surfaccs acts like a Fabry-Pemt plate: The transmission is modulated with repeat 
fiequency 6v = 1/(2*n*t). This ef€ect is called channel spectnun. The amplitude of the channel spccbum rmQfihr 
proportianal to the reflectivity of the surface. For a real tcansmission filler the ddvity inside the p%h!d b 
very small, but not zero. The channel spectrum can be eliminated  by designing  the filter with a small wedge angle, 
about 3 minutes, such  that the front and back surfaces of the filter are no  longer parallel. h e  to  a design 
oversight the 1 mm thick Germanium substrates of  the order isolation filtets at the spectrometer entrance slit were 
designed with insufficient  wedge angle. As a result the transmission spectra at the entrance slit filters cantam 
channels spectra With t 4 .  I cm and n-4 we get a repeat frequency of 6 ~ 1 . 2  cm" . This channel spectrum is 
clearly visible in the transmission spechum of a typical entrance  filter ( array M3) shown in Figure k6.1.  

30 " 
/ a 
/ ? 

20 " 
1 
! 
I 

1270.00 1290.00 1310.00  1330.06  135O.W  1370.00  1390.00  1410.00  1430.00  1450.00 

mpwncyVcm 

Figure A. 6. I .  AIM Entrance jilter for Array M3 with channel spectra 

The channel spectrum peak-tepeak amplitude is about 3%. The  channel spectrum effects the fine details ofthe 
SRF shape. This is illustrated in Figure A.6.2. The figure shows the SRF at 1399.9 an-' which would be absetved 
in the absence of the  channel spectrum (solid dots) and in the presence of channel spectra (open  triangles). For the 
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select channel the shift of the SRF peak by about 2% of the SRF width is clearly visible. The shift depends 01 the 
relative position ofthe channel spectnrm peaks and the SRF position, and  varies Ftam zdto to +I- 2% peak This 
e W  clearly visible in the raw spectral  calibration data, e.g. Figure 4.3. Since the spectrometa is temperature 
cantralled to an accuracy ofO.OIK, the e m  ofthe channel spectnun is frozen into each SRF. 

I 4 i 
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Figum A. 4.2. %e? typical SRF responsejknctiom with  the efect of channel spectra  superimposed on the SRF in 
t k  center. The g e c t  is small, but will  be  eliminated apart of the imrbit calibration. 

The small change in the SRF due to the presence of channel spectra has no e W  arr ttru level lb algorithms, since 
the Calibration sources have no spectral htwts at the spectral width ofthe channd spectra Htywevg, the 
upwelling spet.tra contain spettraily sharp absorption and emission features. Neglecting the channel spectra in the 
€inward algorithm, i s .  in the calculation of the  upwelling  spectral  radiance, can in some spectral regions result in 
errors as large as 0.5K in the  calculated brightness temperature. Typical errors are much snalia. This e f f e d  will 
be minimized by 
1) the determination of the location ofthe channel spectrum relative to the SRF's as part of the in-orbit 

activation and calibration. The exact shape of the SRF used in  the forward algorithm will then explicitly 
include the channel spectnrm efFect. 

2) canying the r e s i d d  e m  of the channel spectrum as one term in the overati uncertainty estimate of  

brightness temperature calculated by the foeward algorithm. This is discussed in the level 2 ATBD. 

- 
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Appendix 7. Validation of Level 18  Spectral Radiances by L Lnnpbct Straw, UMBC 

1 Background 

Thls section addresses the validation of the AIRS LevellB calibrated radiances, with an emphasis 
. on their spectral nature.  The  radiometric  and spectral calibration ofALRS is discuss-ed in S O I Z J ~  

detail m the AIRS Instrument Callhation Plan and in the AJRS T m e i  1 b ATRD. The tenn 
spedral cafibnitiDn refers to our knowledge of the AIRS  spectral  response hct ions (SRFs), 
which iochrdes their shape, spectral  location  (centroids), and how these  quantities  change  with 
temperature  and  AIRS  focus. 

Validation of the AIRS Level 1B radiances involves  not only validation of the radio& 
accuracy of tbese radiances, but also validation of the SRFs that  gives AIRS its high spectral 
resolution. AIRS Level 2 retrievaIs  use  a  fast  radiative  transfer  mode1  (AIRS-RTA) to minimize 
the  differences  between the observed and computed radiances. Since the forward d e l  is very 
sensitive to the exact hrm of the AIRS SRFs, we consider tbe vakhkn of tbe SWs put of 
Level IB validation. Although extensive  ground calibtion of AIRS has given us much 
i r r b d o n  on the form of the SRFs, they  cannot be known exactly  until  AIRS is in ohit h r  
reasons  described  later.  (See the AIRS Level 1 ATBD fbr details on in-onbit sptxkd cdik&im)-  

The validation of the AIRS spectral calibration will rely on comparisons between obsmed d 
computed radiances, so it will also involve  simultaneous  validation of the  forward  model 
spectmscopy and tbe fast radiative transfer  parameterization.  Separately  validating the various 
aspects of the  Level 1B radiances (ie.,  radiometric  calibration, SRF knowfedge, spectrosccrpy, 
bst model patameterization) will require a wide range of i n t e r e o e m  mWtermmy 
atmospheric conditions. Although it may appear difficult to separate  out  these various effects,  the 
copiuus redundancy (in terms of weighting k t i o n s )  in the AIRS spectral  channels,  coupled with 
good models  for instmmnt errors and spectroscopic errors, should ahw us to de-conple these! 
effects and  separately  validate them in large  part. 

Validation of the AIRS radiometric  calibration  is  partially  addressed  here,  but is also covered in 
t f ie validatiDn of sea-surface temperature  products. AIRS sea-sdce radiances  provide  the best 
opportunity  for  validation of the  components of the AIRS &solute radiometric catibratsan that are 
common to all detectors,  such as the temperature/emissi of the on-board blackbdy 0tihr;itrU 
(OBC) and scan minor angle effects. The spectral  validation  activities  discussed in this  section 
will depend in-part on validation of the  absolute  radiance  calibration  (at  least  for high radiance 
scenes) via observations of well  characterized surfice sites  such as  the sea-surke- 

Conceptually, AIRS convolves  the Earth's up-welling monochromatic radiances with the AIRS 
SRFs. The earth view detector counts are converted  into  radiances in the standard way using 

" . . 
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detector  space view counts and on-board  blackbody  calibrator (OBC) view counts recorded in- 
between each scan line. These measurements, combined with the OBC taaperatuff, pvide tfie 
basic radiometric caliiration of AIRS. Early ground calibration resuits generally  suggest that the 
QBC illumination of the  detector fmal plane is quite uniform, that the detector responses are very 
nearly linear, and that scan angle  effects  are  relatively Smau C o - 6 ,  we hope tbat absalute 
tadiometriccah'bration~vatidation~primariSybeimrohredwitb~ theof#] 
tempcratlnc and stability, which are essentially  independent of spectral channel. 

The 04 goal is to vafidate and possibly improve our models of the AIRS imtmment behavior, 
the AIRS-RTA, and the spectroscopy in the AIRS-RTA and in doing so validate the AIRS Level 
1B radiances. Since these models are largely independent of scan mgh d CEOnd tfrtsr 
process will concentrate on nadir views of fields deemed very clear.  Figure 1 illustrates the basic 
aOw of infbrmation in the  Level 1B validation, highlighting the  comparison of computed and 
observed radiances in tbe "Radiance Residual Analysis" box. 

. .  

AIRS Instrument ' 
(cbd M.R. with SRFs) 

1 

l e v e l  16 
Validation 

Figure 1: Top level diagram of the AIRS Level 1B validation process. 
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2 AIRS Instrument Spectral Model 

AIRS has 2378 spectral channefs that reside on 17 dif&ent linear detector anays, Each dttector 
serves as an exit slit for the AIRS grating spectrometer. AIRS uses 1 1 entrance slit apertures, 
which means that some arrays use the same entrance  slit. The 2104  channels  above  729 an", 

. which are photo-voltaic (PV) detectors,  consist of redundant pairs, giving a tatal of - 4500 
channels. The detectorS bebow 729 ~m"ate p l a o t o - ~ & ~  &&OB with XIO -. 

The AIRS iastnunent spectral model has three basic components,  the  grating  model,  the SRF 
shape, .and the entrance mer positions, which combined  together  are used to simulate 
AIRS radiances and to build the fitst model (AIRS-RTAj. 

Grating Model: As discussed in the AIRS level lb ATBD, a relativety simple lMdej W on 
the standard grating equation is able to model the AIRS wavenumber  scale,  at  least on a per array 
basis. This model gives us the ability to predict the SRF centroids for each  detector within an 
array given knowledge of the centroid of at least one detector on that amy. The dependence of 
the grating  model on both the instrument temperature, d focus, willbe delennimd bmgmmd 
&%ration data Once in orbit,  upwelling radian- wiU be used to determine the absolute 
wavenumber positions of a sub-set of detectors. This information,  combined with the grating 
model, wiU then allow us to  determine the centers of every AIRS  detector. Several arrays do nut 
s e n s e s h a r p , p r o ~ i n d e p e n d e n t , f e a t u r e S i n ~ w ~ ~ ~ s o w e w i l l h e ; v e t r r I r e ~  
grating rmrodel to transfk absolute calibration from one array to another. Since the focal plane is a 
rigid entity, this transfer should be highly accurate. 

SRF Shape: The shape of the AIRS SRF is &embed by a ca-nof tht: grating 
resolution, dispersion, size of the entrance slit apertures and the detector widths, and insbmnent 
scattering ( i m p o r t a n t  h r  the low-level SRF response).  Extensive  ground caliition tests enabled 
reasonably accurate  measurements of the shape of all - 4500 channels, with some signal-to-noise 
limitations for the long-wave arrays. A simple analytic model has been developed that appears to 
have &cient accuracy to model all the grating spectrometer SRFs with just a &w parameters 
per array. In addition, the change m the SRF width with de-focus has been  measured during 
ground calibration. In the improbable case that AIRS suk any signihmt de-focus during 
hunch, the SRF widtbs can be estimated fiom the absolute wav- callbrationviatbe gtating 
model  we  have developed. It will be very difticult to calibrate the grating spechanreta SRF shpe 
(SRF width, wings) in orbit. We can only determine ifthe AIRS radiances  are consistent with our 
estimate of their in-orbit shape. 

Fringes: The actual  total SRF shape of AIRS has another component due to the existence of 
channel spectra (tkinges) m the entrance slit aperture filters. Most of these 1 I fibers have some 
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spectral regions containing interference  fiinges. These fringes have a nominal spacing ( h e  
spectralrange)of1.2cm",andacontrastofuptort5%~~hc~espacingis~enrr~ 
to  potentially impact all of the AIRS SRFs, which  are in practice the entrance  aperture 
transmittances times the ''pure"  grating  spectrometer SRFs. The positions of the peaks of the 
entrance aperture fivlges are sensitive to temperature via the index of refraction of the fib% 
g~subs tra te .TheGringepeakssh i t t the~of -g .%~idegK,w)r ih :  tkSRF 
centroids shift -2.7 microns/degK. Since the  width of the SRF is 1 0 0  microns (in focal plane 
cootdinates),'a change of 0.ldegK in spectrometer  temperature corresponds to a shift of the 
m e  peaks of 1% of the SRF. Consequently,  the fhnges will effectively be hzen reh to the 
SRFs once the AIRS has tenpratme stabilized m orbit to witbin 0,1K of the setpiut of t k  
spectrometer themostat. The fiinge positions  relative  to the SRF centroids can be inferred m 
orbit from the temperature dependence of the  detector gains. (Basically, the  detector gains see the 
modulation of the overall  spectrometer transnission as the fiinge peaks shat in wavemanberm 

the Level 1B radiances will therefore involve independent tests to determine if the in-orbit 
calibration of the! fiinge peak positions is su.f.Eciently accurate. 

t h e 6 i l t e r ( a n d ~ ~ ~ ) t e n q p e r a t u r e i s C h a a g e d ~ t h e t b e n a o s t a t ) D e t a i f e s t v a f i d a t a n o f  

3 Spectroscopy, kCARTA, AIRS-RTA 

Comparisons of observed and computed AIRS Level 1B radiancm depends an the accuracy oftk 
AIRS spectral cali-m and on the accuracy of the spectroscopy used m the computation of the 
simuhed r a d i i s .  The accuracy requirements for the AIRS radiative t d r  model are 
demanding, and will require the best available spectroscopy and bby-line des, in addition, the 
speedreq~for~Level2retrievalsrequirestbeuseafa~radiati .vetranstiar~ 
(which we call the AIRS-RTA) that is based on parameterizations of atmospheric -s 
suitably conwlved with the AIRS SWs. This parameterization is discussed in some detail in the 
Level 2 AIRS ATBD. 

The spectroscopy used in the AIRS-RTA is derived h m  kCARTA (kCorqxessd Atmrtxpkck 
Radiative T d r  Algorithm), which is a monochromatic radiative transfer code based on 
compressed bok-up tables of atmospheric  transmittances. These look-up tables are created using 
a very accurate, but slow, line-by-line code  developed at the University of Maryland Baltimore 
County, called UMBC-LBL. UMBC-LBL is a state-of-the-art bby-ltre algorithm that iududes 
fkatures not found in other line-by-line codes such as P/R branch  line-mixing in CO2. 

kCARTA will be used as the AIRS reference  radiative  transfer algorithm. kCARTA's primary 
purpose is for the generation  and  validation of the AIRS-RTA. However, it will ats0 be usdid h r  
(1) early validation of the AIRS Level 1B radiances before the AIRS channel  center fkequencies 
bave stabilized, (2) testing effects of new spectroscopy on AIRS simulated  radiances for possible 
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inclusion in the AIRS-RTA, and (3) providing AIRS radiances  convolved with trial SRF mQdels 
that are needed for Level LB validation 

We independentty validate the line-by-line algorithms by  comparisons with new,  better  laboratory 
data when available. kCARTA is validated by comparisons to other line-by-line codes (GENLN2, 
LBLRTM) and by usmg it to compute  validated radiances measured by the HJS/NAST-I 
instnnraents that fly on NASA’s ER-2. 

The AIRS-RTA is validated before launch by comparing radiances it produces to those computed 
with kCARTA, using an idependent  set of profiles (profiles other  than  those  used to perform the 
regressions for the fast m o d e l  parameters). The AIRS-RTA is dependent on a proper statistiad 
selection of profiles used m the transmittance regressions ( s e e  the AIRS M 2  ATBD fix 
details). I f  comparisons of radiances computed with the AIRS-RTA  -ee with kCARTA 
computed radiances when using profiles tiom actual AIRS retrievals,  then our regression profile 
set must be reexamined. Because both the atmospheric spectroscopy and the AIRS instnunent 
model (SRFs) are hed m the AIRS-RTA, it cannot be used fbr some validation dvitks. 

4 Validation Approach 

The basic appmach to Level 1B validation is to use independent  estimates of the  atmospheric 
state to compute simulated AIRS observed radiances, and compare these with the observed 
radiances. Our overall goal is to improve the instrument, radiative tmxdkr, d spectmbnxrpk: 
models in reasonable, understandable ways m order to reduce the mdiance residuals. Since these 
nmdels are largely independent of scan angle and cloud amount, this  process wiIl concentrate on 
nadir views of fields deemed very  clear. 

There is a high level of redundancy m the AIRS channels in the sense that many c h k  have 
very similar forward model weighting hctions. The retried aigorith only use several hundred 
AIRS ptral charmels, generally those with narrow weighting hctions in regions where a single 
gas  dominates  the radiance. This leaves many channels with somewhat wider weighting frmctions 
thatprobethesamepartof~atmosphereasacambinationofchamretsus;ed.inthe~ 
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L Owdbnd A w h r r v r i e z  

Figure 2: Detailedjlow of Level 1B validation activities. 
Instrument  errors, and to some extent  spectroscopic  uncertainties, will not be strongly  correlated 
with a  channel's  we@& fimctioa Given an independent assessment ofthe a k e d  
atmospheric  profile,  examination of the wavenumber  dependence af the observeEt mirnls 
calculated d i e s  (the residuals) should allow us to  detect  patterns  that  correspond  to merent 
error sources. Analysis of these residuals will have  to  take  into  account our understanding of the 
errors associated with (1) the  independently measured atmospheric profiles, (2) apected pttems 
in tbe uncertainty of the spectroscopy, (3) expected error patterns m the (AfRs-RTA) 
parameterization, (4) behavior of the  instrument  model  ifinadequately  characterized,  and (5) 
uncertainties (and global variations) of atmospheric gases, such as CO,, C&, and N20. 

This process will start very early in the deployment of AIRS by comparing observed radiance 
with radiances computed using climatology. This, type of validation will only detect mtber severe 
instrument errors and glaring software bugs. As time  progresses we will use ever  better 
dependent estimates of the atmospheric  state as input to our computed  radiances  for  comparison 
with the AIRS observed radiances.  This  includes  profiles from (1)  the NCEP or ECMWF adysis, 
(2) AMSU retrievals  once  they are available, (3) operational radiosondes, (3) special r*m& 
launched during the  time of AIRS overpasses, (4) ARM site  data, and hally (5) intensive in-situ 
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campaign  data. As the quality and  amount  of  in-situ  profile data improves, our validation anafysis 
will also become more  statistical m nature. For  example,  validation of radiances sensitive to lower 
tropospheric  water  vapor are problematic on a case  by case basis due to the  spatiaVtemporal 
variability of water and xnis-matches  between radiosonde locations  and  the AIRS field of view. 
However in a  large  statistical  sample of these comparisons the randQm errors can be &r%atfy 
reduced. 

It may also be possible  to  validate the instrument  model, and some  relative  aspects of the 
spectroscopy, by e- the radiance residuals between radmes computed using the  Level 2 
retrieved  profile  and  observed  radiances. The wavenumber  dependence of the residuais may 
hq@ight slowly varying spectroscopy errors. Instrumed model errors (stxch as incam 
placement of the entrance slit aperture  filter f iges) may also be hfimd as follows. Perform a 
series of Level 2 retrievals,  each using forward  models  with  different  placements of the entrance 
filter  fkinge peaks. Then examine  the d i e s  residuals  (computed  for dl channels) as a fimction 
ofthe fiinge placement in the forward model  and look fbr pattems that fbbw the bwn 
wavenumber dependence of the fringes. This process  would be quite slow since it wouid most 
l i l y  require use of kCARTA as the forward model. However,  this may be the only way to 
validate  the  calibration of the h g e  positions. 

The AIRS channel  center fiequencies and the position of the entrance slit  qmtuze mer Gnges 
will not be determined  until AIRS is in-orbit. Consequently the AIRS-RTA will not be using the 
proper instrument model  at launch and must be re-computed  post-launch once these quantities are 
determined. This process must be completed as quickly as p0ss1'ble to provide the Level 2 retrieval 
algorithms with an accurate forward mdel for the operational produck We will attempt to do as 
much Level 1B radiance validation as possible  during this time &me (using LCARTA) so tbat  the 
quick production of the new AIRS-RTA wiI1 also include any improvements to  the  spectroscopy 
and fast model  parameterization. 

Figure 2 is a more detailed diagram of Level 1B radiance  validation  It  pictorially shows how the 
instrument model ,  spectroscopy,  and  atmospheric  profile information flow into the main validation 
activity, the analysis of r a d i i e  residuals. Note  that  validation of the AIRS-RTA is done with 
kCARTA radiances  convotved with the  instrument SRF model,  and does not  require observed 
AlRS radiances. This step does need to use actual obsaved (retrieved) AIRS profiles to ensure 
that  a  proper  statistical set of profiles was used in the  development of the AIRS-RTA. The arrows 
leading to the instrument  model from the  Level l N 1 B  data  are  calibration  activities,  and  are 
included here to emphasii that the instnunent model will not be complete rmtit afRs is in orbit 
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4.1 Validation of Radiances  Sensitive  to Upper Tropospheric Water Vrpar 

AhhoughLevellBvalidationmaybe~cessll~rmsnyAlRScharmtls,weexptctitwillbe 
quite difkuit to validate charuaels  sensitive  to  upper  tropospheric  humidity, which is very difficult 
to measure accurately with radiosondes. This will affcct a large number of water chaanels on the 
M3, M4a and M4b arrays because even iftheir weightmg functions peak at lower Mes, they 

tropospheric  ,water radiances are (1) quite  low (220 -BOK), and (2) o fk t  significantly fiom the 
AIRS OBC temperature of 308K and  thus are more subject to detector non-linearity errors  than 
other channels. The combination of these problems will make vatidation of upper tropospheric 
water vapor radiances diflicult. However, the importance of these cbmmefs fior ghbd climate 
change and outgoing  longwave  radiation (OLR), and the fk t  that AIRS will provide 
measurements of this key quantity that are hr  better  than existing techniques, should provide 
impetus for a SignrSCant validation e&rt. 

havetailsathigherahitudeswberetheradiosolade~are"uppa 

There are two pssW approaches to overcome the timitatinns of tbe radiosonde network h r  
vatidation of upper tropsheric water radiances. First, an intensive  field campaign is needed that 
stresses clear sky conditiins and has the capability to make in-situ high-altitude  water vapor 
nmeasurements. Since it is difEicult for the ER-2 to fly over a range of altitudes needed h r  &situ 
water vapor meamwmts, our goals would be better served withNASA's WBs7 eqrrippedwitb 
several in-situ water sensors. Secondly, deployment of a water  vapor lida~ at a high altitude  site, 
coupled with a microwave radiometer for measurement of the  total  water burden, could provide 
validation of upper tropospheric water vapor. A possible  candidate site for this lidar would be 
NOAA's"aLaoobservatoryinHawaiiAhtaoughtheteare~lidarsatsomeARMsites, 
they have difsculty measuring high altitude water vapor due to the large signal reduction by the 
intervening  lower  atmosphere. 
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